The increase in human population and the spread of agriculture over the past 150 years have transformed the landscape in west-central Minnesota into a mosaic of agricultural fields and urban land, leaving only remnants of the once dominant prairie ecosystem. Limited natural habitat in this fragmented landscape threatens the diversity and abundance of native legumes and could impact the size and function of associated belowground microbial populations. In this study, BOXA1R PCR and 16S rRNA gene sequence analyses were used to assess the genetic diversity of rhizobia associated with Dalea purpurea (Vent.) in nine prairie remnants ranging in size from 0.04 to 3.5 ha. The variation in soil properties was also determined. While 53 different genotypes of rhizobia were identified, four of these accounted for 84% of the 1029 rhizobia characterized using BOXA1R PCR. Representatives from three of the four dominant genotypes had a 16S rRNA gene sequence similar to that of Rhizobium gallicum, with two of these genotypes recovered at all sites. The fourth genotype was similar to that of Rhizobium etli and occurred with frequency at only two sites. Rhizobium genotype richness and site area were positively correlated. The implications of these results are discussed.
Introduction
Population changes and the spread of agriculture over the last 150 years have transformed the Great Plains into one of North America's most endangered ecosystems. In Minnesota, only 0.4% of the original 7.3 million ha of prairie land remain, and much of this is degraded Knopf 1994, 1996) . Habitat restriction and connectivity in this fragmented landscape coupled with changes in bison grazing and fire disturbance regimes threatens natural species diversity and could alter ecological processes within communities (Collins et al. 1998; Knops et al. 1999; Herkert et al. 2003; Severns 2003; Briggs et al. 2005) . Small forbs and N 2 -fixing legumes are at a particular disadvantage in isolated patches kept unburned over long periods of time and have a significantly higher risk of extinction (Leach and Givnish 1996) .
Native legumes are considered core species in the prairie biome because of their N input through biological N 2 fixation and consequent interaction with other prairie species (Risser 1985; Gleason and Cronquist 1991) . Restored areas in which legumes have failed to establish can be limited in development and function even 35 years after establishment (Kindscher and Tieszen 1998) . Declining populations of prairie legume have been reported to negatively affect associated arthropods (Severns 2003; St. Pierre et al. 2005) and, given interaction between above-ground communities and belowground organisms (Bever et al. 1997; Handley et al. 1998; Wall and Moore 1999; Wardle et al. 2004) , could impact soil microbial communities. Barneby (1977) describes Dalea as a genus of some 160 xerophytic, papilionate species that range from the Canadian prairies to Chile. The perennial species Dalea purpurea and Dalea candida commonly occur together in the American tallgrass prairie (Great Plains Flora Association 1977) and are among the most common of legumes in Minnesotan prairie areas (Ownbey and Morley 1991) . Tlusty et al. (2005) described the rhizobia associated with D. purpurea in three well-separated prairie remnants and found each to be dominated by different rhizobial populations. Such dominance is common in rhizobial populations (McInnes et al. 2004 ), but in a fragmented environment could be compounded by the limited frequency and diversity of the host plant (Thies et al. 1995; Handley et al. 1998) and by factors associated with reduced prairie area, connectivity, and level of degradation (Young and Clarke 2000) . In this study, we compared D. purpurea rhizobia from nine prairie remnants in west-central Minnesota. Our aim was to determine if remnant size and location affected rhizobial diversity, and to identify site specific variables that might be responsible for the patterns observed.
Materials and methods

Site description
The nine prairie remnants were located within an area of 6400 ha in Douglas and Grant Counties, Minnesota (45849'N, 95843'W), previously described by Wagenius (2000) , and situated on hill slopes, along roads and rail rights-of-way, and in areas unsuited for tillage. The sites differed in size, location, and the frequency and distribution of Dalea spp. (Table 1) . Two major soil series were present. Soils at sites VIII and IX are Barnes loams (Udic Haploborolls), while soils at the other sites are a mixture of Barnes and Langhei loams (Typic Udorthents), with the Langhei series present on the steeper slopes (De Martelaere 1975 , 1978 .
Dalea spp. survey and soil sampling
Dalea purpurea abundance and distribution was determined during July and August 2003. On smaller sites, all plants were counted; on larger sites, plant density was estimated from four randomly distributed plots of 0.84 m 2 . Site area (Table 1) was estimated with an eTrex Vista TM personal navigator global positioning system (GPS) (Garmin International, Kansas City, Missouri) using the track recording feature. At most sites, 24 representative adult plants were selected, permanently tagged, and their GPS coordinates recorded; only two plants were sampled from the single plant clump found at site VII.
Soil samples for determination of rhizobial diversity were collected during July and August, 2003, with soil cores (1 cm Â 15 cm depth) taken from beneath five tagged plants and two additional legume-free areas per site. Where both D. purpurea and D. candida were present, samples were also taken from adjacent plants of each species. Corers were cleansed, rinsed, and sterilized with ethyl alcohol between samples; soils were sealed in plastic bags, placed on ice until returned to the laboratory, then stored at 4 8C until they were processed.
In July 2004, three soil cores -two from areas close to D. purpurea and one from an area without legumes -were collected from each site (except site IX) and subjected to routine soil analysis at the University of Minnesota Research Analytical Laboratory. Methods are detailed at ral.coafes. umn.edu/.
Trapping and isolation of rhizobia
Dalea purpurea (Prairie Moon Nursery, Winona, Minnesota) was used to trap and recover rhizobia from the prairie soils collected at each site. Seeds were surface sterilized in ethyl alcohol and 3.25% commercial bleach (Vincent 1970; Tlusty et al. 2005) , rinsed, imbibed in sterile distilled water, and pregerminated on moistened sterile silica sand for 3 days at 28 8C. Seedlings were then aseptically transplanted into sterile magenta units, prepared as previously described , with four seedlings used per magenta. Where soil samples were taken from beneath adjacent D. purpurea and D. candida plants, each was tested with both D. purpurea and D. candida as hosts.
When seedlings were 8 days old, duplicate magentas were each inoculated with 20 mL of a 1:10 prairie soil suspension prepared using sterile distilled water. Magenta units containing uninoculated seedlings of D. purpurea were used as controls, with all units randomized within a Conviron PGW36 TM growth chamber (Controlled Environment, Winnipeg, Manitoba) having a 12 h light : 12 h dark photoperiod at temperatures 25 8C : 20 8C. Plants were harvested after 92 days and the nodules from each plant were removed, counted, and then stored at -20 8C.
Rhizobium diversity
Bacteroids extracted directly from nodules were characterized using repetitive sequence-based polymerase chain reaction (RSB-PCR) with BOXA1R as primer (Versalovic et al. 1994) . Nodules were thawed and imbibed in sterile distilled water for 1 h, and then surface sterilized in ethyl alcohol and 3.25% commercial bleach (Vincent 1970) ; very small nodules (<2 mm) were soaked in bleach for only 1 min. Surface-sterilized nodules were rinsed five times in sterile distilled water, crushed in 400 mL of sterile yeast-mannitol (YM) medium (Graham 1963) , and 10 mL of the bacteroid suspension was streaked on YM agar plates containing Congo Red. The remaining suspension was centrifuged for 15 min at 100g to remove nodule debris and the supernatant re-centrifuged for 5 min at 16 000g. The bacteroid pellet was collected, suspended in 35-50 mL of TE buffer (10:1) (Sambrook et al. 1989) , and stored at -20 8C. Plates inoculated with crushed nodule material were grown for 5-6 days at 25 8C, and the resulting single colonies were subcultured, emulsified in a 1:1 mixture of arabinose gluconate (AG) medium (Somasegaran and Hoben 1994) and 30% glycerol, and stored at -70 8C (Gherna 1994) .
PCR genomic fingerprinting of nodule bacteroids was performed using the C-09 BOXA1 primer (5'-CTACGGCAA-GGCGACGCTGACG-3') (Integrated DNA Technologies, Coralville, Iowa) (Versalovic, et al. 1994 ) and the protocol of Rademaker and de Bruijn (1997 Waltham, Massachusetts) with both a DNA-free negative control and the reference strain Rhizobium etli UMR1632 included in each set of PCR reactions. Ten microlitre subsamples of PCR product were then separated by electrophoresis in 20 cm Â 25 cm horizontal gels containing 1.4% agarose in Tris-borate-EDTA. Gels were run at 70 W for 17.5 h at a constant temperature of 7 8C. Each included three 1 kb DNA ladders (Promega, Madison, Wisconsin) and the PCR product of strain UMR1632 as standards. Following electrophoresis, gels were stained in a solution containing 0.5 mg/mL ethidium bromide, photographed with a FOTO/ Analyst archiver (Fotodyne, Hartland, Wisconsin), and the gel images were analyzed using BioNumerics TM software version 3.5 (Applied Maths, Sint-Martens-Latem, Belgium), with the 1 kb ladders used to normalize images. Pearson's correlation coefficient was used to characterize densiometric curves obtained from BOXA1R PCR fingerprint patterns, with dendrograms showing the percentage similarity among strains generated by cluster analysis (unweighted pair-group method with arithmetic averages; UPGMA). A multidimensional scaling (MDS) plot (BioNumerics software version 3.5) was developed as a visual representation of all the rhizobia recovered using D. purpurea as trap host.
Measurements of rhizobial diversity
Estimates of Rhizobium diversity were compared for the following: (i) all D. purpurea rhizobia recovered at each site, (ii) rhizobia recovered from soil collected from beneath D. purpurea plants and from legume-free soil, (iii) rhizobia recovered from beneath clustered or isolated plants of D. purpurea, and (iv) rhizobia associated with adjacent D. purpurea and D. candida plants. Comparisons were made by pooling BOXA1R PCR profiles for all rhizobia in each site or category, with dendrograms then generated using the BioNumerics TM software. Where sample numbers differed, the maximum possible numbers of PCR fingerprints was selected at random from each group for use in the comparison. Shannon index values were calculated as previously described (Tlusty et al. 2005 ).
16S rRNA gene sequence analysis
Twenty-one single colony isolates, representing different groups of Dalea rhizobia distinguished on the basis of BOXA1R PCR, were subject to 16S rRNA gene-sequence analysis following the methods of van Berkum et al. (1996) . The primers 16Sa and 16Sb (van Berkum and Fuhrmann 2000) were used to amplify the 16S rRNA alleles, with PCR products purified using QIA quick spin columns (Qiagen, Chatsworth, California). Sequence analysis was performed with an Applied Biosystems 3100 TM genetic analyzer and the BigDye TM Terminator version 1.1 cycle sequencing kit (Applied Biosystems, Foster City, California). Sequences were aligned using the PILEUP program in the Wisconsin package of the Genetics Computer Group (Madison, Wisconsin). The Molecular Evolutionary Genetics Analysis TM package version 2.0 (Kumar et al. 2001 ) was used for tree construction based on similarities derived by UPGMA using nucleotide differences among sequences.
Statistical analyses
Differences in soils between sites and the variables associated with such differences were determined using a stepwise Canonical Discriminant Analysis (CDA) (SPSS TM 12.0 for Windows; SPSS, Chicago, Illinois) as described previously ( Data was log-transformed and only significantly different (p < 0.05) and noncorrelated (r < 0.3) (Brown and Wicker 2000) variables included. Mahalanobis distances among groups were calculated with an F test performed to determine multivariate differences.
Shannon index values were calculated using Bionumerics TM software version 3.5 following the formula H = -AE p 1 ln p 1 , where p 1 is the number of strains in the ith group divided by the total number of strains analyzed per site, and with groups compared using a t test or paired t test (Magurran 1988) . Because group richness comparisons require equal sample size (Magurran 1988 (Magurran , 2004 Gotelli and Colwell 2001; Hughes et al. 2001; McInnes et al. 2004) , individual-based rarefaction curves, based on 50 randomizations, were generated using EstimateS TM software version 7.5.0 (Colwell 2005 ) to obtain expected group richness and Shannon index at the smallest sample size. Standard deviation based on 50 randomizations was obtained for all Table 2 summarizes variation in soil properties across sites. Stepwise discriminant analysis identified only two variables, P and Na content, effectively discriminating between the majority of sites. The first canonical function accounted for 51.8% of the variance and explained 86.9% of the variability between sites; the second accounted for the remaining variance and explained 86.1% of the variability. Soil P content was highly correlated with function 1 (r = 0.98), and Na content correlated with function 2 (r = 0.90). Based on Mahalanobis distances, the first discriminant function separated sites I, III, and X from sites II, IV, VI, and VIII, while the second discriminant function distinguished site VII from all others (data not included).
Results
Soil characteristics
Rhizobial collection and characterization
A total of 1029 rhizobial samples were collected from the nine prairie remnants (Table 3) . Based on BOXA1R PCR banding patterns and with a similarity value of >75% used to define rhizobial groups or genotypes, 53 different clusters could be distinguished. A similarity value of >75% was chosen because all but two of the 85 R. etli UMR1632 samples used as controls in our gels clustered at greater than 79% similarity. Thus, we considered 75% a conservative value on which to base differences between strains or clusters. Four of the clusters (3, 9, 19, and 42) accounted for 84% of the rhizobia recovered (Fig. 1a) . Genotypes 3 and 9 were ubiquitous throughout the study area (Table 4) but were not necessarily recovered from all soil samples per site. Genotype 19 was found mainly at sites I and III, and genotype 42 in the eastern-most sites VI and IX (Table 4 , Fig. 1a) . Gel banding patterns representative of the different major groups of rhizobia identified in this study are shown in Fig. 1b . Three previously characterized Dalea spp. rhizobia, UMR6815, and 3WR11 with 16S rRNA gene sequences aligning them with Rhizobium gallicum, and UMR7205, a strain with 16S rRNA gene sequences very similar to those of R. etli (Tlusty et al. 2005) , clustered with genotypes 3, 9, and 42, respectively. Rare or local genotypes were found in all sites in differing proportions, influencing diversity measurements (Table 4) .
Comparison of rhizobial diversity
Shannon indices, obtained from analysis of all rhizobial isolates per site, and similar indices following rarefaction analysis are included in Table 3 . For the latter, greatest rhizobial diversity occurred at site VI, while sites IV and X exhibited least diversity. In contrast, site VIII exhibited significantly greater genotype richness (Fig. 2) . When genotype richness and Shannon indices obtained from rarefaction analysis were evaluated by site area, genotype richness correlated closely with site area (r 2 = 0.93, p < 0.001; Fig. 3 ), but no such relationship was evident for Shannon indices (r 2 = 0.19, p = 0.27; Fig. 3 ).
Rhizobia trapped from legume-free soil or from beneath D. purpurea plants, from soil samples taken from clustered or isolated D. purpurea plants, and from samples taken beneath adjacent D. purpurea or D. candida plants did not exhibit differences in diversity (Table 5) . Genotype richness, compared using rarefaction curves, was higher for rhizobia recovered from beneath isolated plants than for those from Fig. 3 . Bivariate fit between Shannon index and rarefied species richness and site area. Triangles and the broken line indicate the regression between Shannon index and site size, while circles and the solid line indicate the regression between genotype richness and site size. Genotype richness was closely correlated with site size (r 2 = 0.93, p < 0.001), but there was no significant correlation between Shannon index and site size (r 2 = 0.19, p = 0.27). Fig. 4 . 16S rRNA sequence similarity of nine representative (in bold) isolates recovered from Dalea purpurea in this study, compared with known root-nodule bacteria species. Initially, 21 isolates were analyzed: UMR7359, UMR7360, UMR7361, UMR7362, UMR7363, and UMR7364 (Site I, groups 19, 9, 9, 19, 6 , and 3, respectively); UMR7365 (Site II, group 11); UMR7366 and UMR7367 (Site III, groups 3 and 22, respectively); UMR7368 and UMR7369 (Site IV, groups 9 and 44, respectively); UMR7370, UMR7371, UMR7372, UMR7373, and UMR7374 (Site VI, groups 44, 9, 42, 40, and 42, respectively); UMR7375 (Site VII, group 34); UMR7376 (Site VIII, group 40); and UMR7377, UMR7378, and UMR7379 (Site X, groups 9, 3, and 9, respectively). Similarities to those shown on the tree were as follows: UMR7372 = UMR7373, UMR7374, and UMR7376; UMR7359 = UMR7362; UMR7365 = UMR7377 and UMR7379; UMR7360 = UMR7371 and UMR7375; UMR7364 = UMR7366, UMR7368, and UMR7369; and UMR7361 = UMR7367. Levels of support indicated on the nodes were obtained from 500 permutations of the dataset. plant clusters; no other significant difference in genotype richness was found.
16S rRNA analysis
Nine different 16S rRNA sequences were found among the 21 isolates subjected to 16S rRNA gene sequence analysis (Fig. 4) . Isolates from BOXA1R PCR representative of genotypes 3, 6, 9, 11, 19, 22 , and 34 clustered with R. gallicum and Rhizobium mongolense, while those representative of genotypes 40, 42, and 44 clustered with R. etli and Rhizobium leguminosarum. In general, BOXA1R PCR and 16S rRNA gene sequence analysis were in agreement (Fig. 2) , however, strain UMR7378, classified as genotype 3 by PCR analysis, was found to have a 16S rRNA gene sequence similar to that of Phyllobacterium trifolii (Valverde et al. 2005 ). 16S rRNA gene sequences for the nine strains identified in Fig. 4 . were submitted to GenBank and assigned accession Nos. as follows: UMR7359 (EF107501), UMR7360 (EF107502), UMR7361 (EF107503), UMR7365 (EF107504), UMR7363 (EF107505), UMR7364 (EF107506), UMR7370 (EF107507), UMR7372 (EF107508), and UMR7378 (EF 107509).
Discussion
This study is part of an effort to understand and model the response of biological communities to anthropogenic disturbance, including prairie fragmentation (Neuhauser et al. 2003) , and represents one of the largest screenings of native rhizobia evaluated across multiple sites undertaken to this time. Given the similarities between R. gallicum and R. mongolense (Silva et al. 2005 ) and between R. etli and R. leguminosarum (Eardly et al. 2005) , we appear to have recovered two dominant groups of rhizobia in this region of Minnesota: nodulating D. purpurea and D. candida. Similar results were reported by Tlusty et al. (2005) , although in that study, rhizobia that had ribosomal genes aligning them with Mesorhizobium amorphae and Mesorhizobium huakuii were also present in the most disturbed of the prairie sites considered.
Two R. gallicum-like genotypes were ubiquitous throughout the area we studied. Rhizobia with characteristics similar to R. gallicum have been isolated from a variety of legumes and locations worldwide and are reported to nodulate Sesbania, Mimosa, and Phaseolus (Amarger et al. 1997; Zurdo-Piñeiro et al. 2004; Shamseldin et al. 2005; Silva et al. 2005) . Silva et al. (2005) proposed three different biovars within R. gallicum but did not include rhizobia from the genus Dalea in their study. Rhizobium gallicum-like isolates from prairies in Minnesota nodulate Phaseolus, Onobrychis, Macroptilium, and Leucaena (Tlusty et al. 2005 ) and so might belong to R. gallicum bv. gallicum (Amarger et al. 1997; Silva et al. 2005 ). However they also nodulate Coronilla varia, D. purpurea, D. candida, and Amorpha canescens (Wilson 1944; Tlusty et al. 2005 ; P.H. Graham, University of Minnesota, unpublished data), host species not previously considered within the host range of this species. Studies to further characterize these organisms are needed and should determine where they belong relative to existing biovars.
In two of the nine prairie remnants studied, R. etli-like isolates were as or more abundant than R. gallicum-like rhizobia. Rhizobium etli bv. phaseoli, the major microsymbiont of bean, is of Latin-American origin (Souza et al. 1994; Aguilar et al. 1998; Bernal and Graham 2001 ) but now can be found almost anywhere Phaseolus vulgaris has been cultivated (Geniaux et al. 1993; Herrera-Cervera et al. 1999; Diouf et al. 2000; Beyene et al. 2004; Grange and Hungria 2004; Tamimi and Young 2004; Shamseldin et al. 2005) . Rhizobium etli bv. phaseoli is generally considered as limited in symbiosis to P. vulgaris, (Segovia et al. 1993; Martínez-Romero 2003) , although Hernández-Lucas et al. (1995) reported two strains of R. etli capable of nodulation and N 2 fixation with Crotalaria sericea, Gliricidia maculata, Leucaena leucocephala, and Clianthus formosus among others. A second biovar, R. etli bv. mimosae, nodulates Mimosa affinis (Wang et al. 1999) . Rhizobium etli-like rhizobia have now been isolated from prairie soils in several studies in this region, and in each case have been shown to have an extensive host range (Graham et al. 1999; Bernal et al. 2004; Tlusty et al. 2005; Beyhaut et al. 2006) . One of these strains has even been recommended for the inoculation of D. purpurea, D. candida, and D. leporina , native prairie legumes with overlapping geographic distribution (Great Plains Flora Association 1977) .
Variation in host range between prairie and Mesoamerican R. etli could be explained by differences in evolutionary history. Flores et al. (2005) noted that the symbiotic plasmid in individual cultures of R. etli is a mosaic, shaped by recombination events between different ancestors. Introduced R. etli might also have acquired symbiotic elements from indigenous prairie rhizobia, increasing their host range. Thus, Silva et al. (2005) provided some evidence of lateral gene transfer between R. gallicum bv. phaseoli and R. etli bv. phaseoli. Occurrence of R. etli in prairie soils of the Great Plains is more difficult to explain. Common beans are not widely cultivated in the area of this study, but R. etli could have been introduced as an endophyte of maize (Gutierrez-Zamora and Martínez-Romero 2001) . In that event, we might expect the R. etli-like rhizobia we have recovered to show tolerance to 6-methoxy-2-benzoxazolinone, an antimicrobial compound found in corn (Rosenblueth and Martínez-Romero 2004) . All isolates from this and related studies with fast-growing prairie rhizobia (Tlusty et al. 2005; Beyhaut et al. 2006 ) are currently being tested for such tolerance.
Larger sites have more potential niches to exploit, and so should be able to support greater diversity (Reche et al. 2005) . Noguez et al. (2005) found microbial species richness increased with sampling area, while Franklin and Mills (2003) showed that soil microbial community structure was affected by soil heterogeneity across different scales. The correlation between rhizobial genotype richness and site area noted in this study could also have been affected by sampling strategy. Results could have been very different had we collected nodules rather than soil, while distance between sampling sites in the larger prairies might also have contributed to increased estimates of genotype richness in the larger sites.
Studies on wild legumes have shown that species sharing a common habitat may also share some of the same rhizobia (Lafay and Burdon 1998; Parker 2002; Mutch and Young 2004) . Previous studies with prairie legumes have reached similar conclusions, although unexpected specificities can also occur (Tlusty et al. 2005 ). An example is the R. gallicumlike strain UMR6815, which effectively nodulates the perennial species D. purpurea and D. candida but fails to nodulate the annual D. leporina ). Similarly, differences in the specificity of strains for Desmanthus illinoensis and D. virgatus have been reported (Beyhaut et al. 2006) , although organisms from both species are nodulated by the highly promiscuous NGR234 (Pueppke and Broughton 1999) .
